Introduction
The interactions of carbon tetrachloride with strongly basic oxides and hydroxides have been studied by several techniques in order to understand the surface reactions and the subsequent bulk reactions that result in the destruction of the chlorinated hydrocarbon. Emphasis has been placed on understanding the surface phases, as well as the bulk phases, that are present during these transformations. As a result of the study with barium oxide, a reaction cycle has been demonstrated that may have practical significance in the removal of chlorinated hydrocarbons.
Surface Science Studies: The adsorption/reaction of CCl 4 with CaO
Ultra-thin CaO films were synthesized under ultrahigh vacuum (UHV) conditions by evaporating calcium onto a Mo(100) surface in a 5×10 -7 Torr O 2 background. The CaO films were grown at 400 K followed by annealing to 1000 K for 10 min in an oxygen background to improve their crystalline quality. The rate of Ca evaporation and thus the growth rate of the CaO was determined by temperature programmed desorption (TPD) by acquiring TPD spectra as a function of the Ca deposition time. Well-defined features for monolayer and multilayer desorption were observed, the monolayer corresponding to a feature with a shoulder at ~930 K, which shifts to ~905 K, and the multilayer to a second feature at ~595 K, which appears and becomes more intense as the deposition time is increased. This second feature at ~595 K ischaracteristic of zero order desorption, indicating multilayer desorption of Ca from Mo(100). Using the leading edge analysis method, the heat of desorption of multilayer Ca was determined to be 34.5 kcal/mol. The TPD spectrum of Ca from Mo(100) shows complex desorption features above~700 K, attributable to strong repulsive interactions between the Ca atoms in the submonolayer regime.
A (1×1) square LEED pattern for a 30 ML CaO film on Mo(100) was observed. The LEED spots of the 30 ML CaO/Mo(100) preparation are very diffuse, suggesting poor long-range order of the CaO film and is possibly due to the large lattice mismatch (8.1%) between CaO(100) and Mo(100). This large mismatch could lead to significant strain at the CaO/Mo (100) peak, and at 197.9 eV, possibly due to Cl -. After annealing to 185 K, the peak intensity for the Cl 2p feature is greatly reduced, and the peak positions shift to 200.9 eV, 202.7 and 198.9 eV, respectively. After annealing to 1000 K, the peak intensity for Cl 2p is reduced without any change in peak positions; however, this peak eventually disappears after annealing the sample to 1000 K for 5 min. Furthermore, XPS and AES measurements show no carbon or chlorine signal for a 0.01 L exposure of Ccl 4 adsorbed on CaO after direct heating of the sample to 280 K, demonstrating that all Ccl 4 and its fragments desorb from the CaO surface. The appearance of Cl peaks in the XPS spectra taken after annealing the sample to 800 K indicates that some irreversible photon induced decomposition or reaction of Ccl 4 has occurred. Annealing the sample to 1000 K for 5 min apparently breaks the Ca-Cl bond followed by desorption of the chlorine ion or CaCl x .
Nuclear Magnetic Resonance Studies: Reactions of CCl 4 with Strongly Basic Oxides and Hydroxides
High-resolution solid state MAS, NMR and complementary flow reactor studies have been used to investigate halocarbon decomposition over several alkaline earth metal oxides and alkali metal oxides, peroxides, and anhydrous hydroxides.
Klabunde and co-workers [3] Obviously, if solid state in situ MAS NMR is to be used to investigate these types of reactions, stronger base and/or oxidizing substrates need to be implemented in order to reduce the temperature at which the reactions occur. Following this line of reasoning, we shifted from the alkaline earth metal oxides to the alkali metal oxides and peroxides.
13 C MAS NMR investigations of Ccl 4 adsorbed on sodium oxide, Na 2 O (Aldrich 99%), and sodium peroxide, Na 2 O 2 (Aldrich 99%), showed chemistry nearly identical to that of the alkaline earth metal oxides but with the onset of reaction occurring at reduced temperature. Complete conversion of CCl 4 occurred by 498 K for both Na 2 O and Na 2 O 2 , indicating a negligible effect of the oxidizing property of the substrate upon Ccl 4 destruction. In each system, the CO 2 product was bound to the basic surface as a carbonate ( 13 C resonance at 171 ppm) as opposed to the gas phase CO, present for the alkaline earth metal oxides. X-ray powder 'diffraction of the reagent bed following Ccl 4 destruction showed the presence of large amounts of NaCl.
Perhaps the most dramatic result of these preliminary investigations involving basic alkali metal compounds is the reaction of Ccl 4 on anhydrous CsOH. 13 C MAS NMR studies of this system
showed that complete conversion of Ccl 4 to surface carbonate can be accomplished at temperatures as low as 373 K (200 K below the onset of reaction on MgO).
The strong influence of basicity of the substrate upon the temperature necessary for Ccl 4 destruction has led us to consider the most basic of metal oxides, Cs 2 O, for the destruction of halocarbon stocks. However, our preliminary investigations into the cesium oxide system has shown that commercially available materials sold as "Cesium Oxide" are in fact a mixture of cesium superoxide, CsO 2 , cesium peroxide, Cs 2 O 2 ; and cesium hydroxides. Significant progress has been made in understanding the cesium/oxygen system with the use of 13 Cs MAS NMR. Currently, materials with purity greater than 95% have been prepared in useful quantities for CsO 2 , Cs 2 O 2 , and at lower purity for Cs 2 O. Investigations of halocarbon destruction on these materials is in progress.
Destructive Adsorption of CCl 4 on Alkaline Earth and Lanthanide Metal Oxides
The destructive adsorption of Ccl 4 on basic metal oxides (MO), which may be described by the reaction was studied on MgO, CaO, SrO and BaO as a function of the reaction temperature and the amount of Ccl 4 injected. The reaction was followed using in situ Raman spectroscopy, x-ray photoelectron spectroscopy, Fourier-transform. infrared spectroscopy, and 13 C magic angle spinning nuclear magnetic resonance spectroscopy. It was found that the activity toward Ccl 4 parallels the basicity of the alkaline earth metal oxide; i.e., the activity decreases in the order BaO > S r O > CaO > MgO, which also is consistent with the heats of reaction for eq. 1.
Barium oxide readily reacted with Ccl 4 at 475-573 K and, at these low temperatures, CO, was the only gas-phase product that evolved from the surface. At higher temperatures, other alkaline earth oxides, such as CaO and MgO, also became active, and COCl 2 was found to be a gas phase 
